Background and Purpose-In the National Institute of Neurological Disorders and Stroke (NINDS) rt-PA Stroke Study, major neurological improvement within 24 hours (MNI) occurred significantly more frequently with recombinant tissue plasminogen activator (rtPA) treatment than with placebo. We explored the relationship between MNI and 3-month favorable outcome and sought clinical predictors of MNI. Methods-Data from 312 rtPA-treated patients from the NINDS trial were used to assess the ability of MNI to predict favorable outcome at 3 months as defined by a modified Rankin Scale score of 0 to 1. Next, a multivariable predictive model was developed for MNI within the same data set. Clinical variables examined included age, time to treatment (TTT), diabetes, pretreatment glucose, baseline National Institutes of Health Stroke Scale score, pretreatment blood pressure, history of atrial fibrillation, weight Ͼ100 kg, and a dense artery sign. Finally, this model was used to forecast into the placebo group of the NINDS trial to assess the uniqueness of the predictors in the rtPA-treated group. 
R ecombinant tissue plasminogen activator (rtPA) given intravenously within 3 hours of symptom onset continues to be the only US Food and Drug Administration-approved treatment for patients with acute ischemic stroke. The benefit of rtPA is thought to be due to vessel recanalization, resulting in restitution of blood flow to ischemic regions of brain. [1] [2] [3] In the National Institute of Neurological Disorders and Stroke (NINDS) rt-PA Stroke Study, patients treated with rtPA were more likely to have a favorable outcome at 3 months than patients treated with placebo. 4 rtPA-treated patients also had better National Institutes of Health Stroke Scale (NIHSS) scores at 24 hours, consistent with what might be expected from successful recanalization of symptomatically occluded cerebral or precerebral arteries. Moreover, post hoc exploratory analysis suggested that although minor degrees of neurological improvement (4 points on the NIHSS) were detected frequently in patients treated with placebo, greater degrees of neurological improvement (Ն5 points on the NIHSS) at 24 hours were observed significantly (PϽ0.05) more often in rtPA-treated patients than placebo-treated patients. 5 This finding suggests that dramatic early improvement may be a marker of recanalization.
The purpose of this study was 2-fold. First, the relationship between the occurrence of major neurological improvement within 24 hours and 3-month outcome was examined, reasoning that if the relationship is sufficiently strong, then dramatic early improvement could potentially be used as an early surrogate marker for clinical activity in new trials of thrombolytic therapy for stroke. Second, clinical predictors of major neurological improvement within 24 hours after rtPA treatment were sought. The hypotheses to be tested were (1) that clinical factors identified at baseline were significantly associated with major neurological improvement at 24 hours, (2) that these factors were different from the factors previously described as being associated with favorable 3-month outcome, and (3) that these factors would be unique to the rtPA-treated group. Although previous studies assessed predictors of deterioration in neurological status at 24 hours, previous data regarding predictors of favorable 24-hour outcome are limited.
Subjects and Methods
Raw data from the 624 patients treated in the NINDS trial were used for these analyses. Subjects were excluded if 24-hour NIHSS scores and/or the baseline variables used in the analysis were missing. Major neurological improvement (MNI), our measure of favorable outcome, was prespecified as improvement in NIHSS score of Ն8 points or an NIHSS score of 0 at 24 hours. This was chosen on the basis of a secondary analysis by the NINDS investigators in which an 8-point difference in 24-hour NIHSS score was found to discriminate between the treatment and placebo groups without overlap in confidence intervals (CIs). 5 The ability of MNI to predict favorable outcome at 3 months, as defined by a modified Rankin Scale (mRS) score of 0 or 1, was examined. This dichotomized mRS score was used as a primary outcome measure in the NINDS trial, defining patients who had no or minimal symptoms at follow-up (excellent outcome). A 2ϫ2 table was used to examine the relationship between MNI and excellent functional outcome by calculating the positive and negative predictive values. Using the binomial distribution, we estimated 95% CIs around these values using S-Plus 6.1 (Insightful Corp, 2002) .
Next, multivariable logistic regression techniques were used to design a model to predict MNI. Clinical independent variables examined were prespecified on the basis of the literature and clinical judgment of the authors and included age, 6 time from onset to treatment, 7 diabetes, 8 pretreatment glucose, 9 pretreatment mean arterial pressure (MAP), 10 history of atrial fibrillation, 11 weight Ͼ100 kg, and a dense artery sign on baseline CT scan. 12, 13 Age, time to treatment, glucose, and baseline NIHSS scores were used as continuous variables. Diabetes, atrial fibrillation, weight Ͼ100 kg, and the presence of a dense artery sign were used as dichotomized variables. To avoid assumptions of linearity for the 4 continuous variables, restricted cubic splines with 3 knots each were used. 14 This yielded a total of 13 df in the model as a whole. The clinical variables to be examined were selected on the basis of a biologically or clinically plausible relationship with either recanalization or MNI. Using S-plus 6.1, we estimated odds ratios (ORs) with 95% CIs for each variable in the multivariable model. The CIs of the predictive variables were assessed with bootstrapping. This procedure was used to generate conservative estimates of the CIs by iteratively sampling from the original sample 150 times with replacement. 14 If the CIs did not include 1, a statistically significant association was inferred.
The predictive value of the model as a whole was assessed by calculating the area under the receiver-operating characteristic curve. The role of each independent variable in predicting MNI in the placebo group was determined with the identical model used in the rtPA group. S-Plus 6.1 software was used for the analysis.
Results
Three hundred twelve patients were treated with rtPA in the NINDS trial. One subject was excluded because of missing 24-hour outcome data. Of the 311 remaining patients, 101 had MNI, and 133 had an excellent outcome at 3 months (mRS, 0 or 1). MNI predicted excellent 3-month outcome with a positive predictive value of 0.70 (95% CI, 0.64 to 0.76) and a negative predictive value of 0.70 (95% CI, 0.61 to 0.78). The association between MNI and excellent 3-month outcomes was statistically significant ( 2 ϭ42.65, PϽ0.0001). There were 63 patients who had a favorable outcome at 3 months without having achieved MNI. Their median NIHSS score at 24 hours was 4 (range, 1 to 19; 25th percentile, 2; 75th percentile, 7).
Of the 311 rtPA-treated patients with available data on 24-hour outcome, 26 were missing a baseline variable used in the multivariable predictive model, leaving 285 patients for analysis. Eighty-nine of these patients (31%) had MNI. Table  1 shows the number of patients with each baseline variable and the number of patients for whom data on that variable was present. The only 2 variables independently and significantly related to MNI were age and time from onset to treatment (Table 2 and the Figure) . Shorter time from onset to treatment and lower age were positively associated with MNI. The model in its entirety was only a moderate predictor of MNI in the rtPA-treated group with an area under the receiver-operating characteristic curve of 0.66.
There were 312 patients in the placebo group. Twelve were omitted because of missing data. Fifty-two (17%) had MNI. When the model was used to forecast into the placebo group, age, but not time from onset to treatment, was significantly related to MNI (Table 2) . Baseline NIHSS score and glucose were also predictors of MNI in the placebo group. 
Discussion
This analysis of thrombolysis-treated patients in the NINDS rt-PA Stroke Trial suggests that MNI is predictive of favorable outcome at 3 months, as measured by an mRS score of 0 or 1, with both a positive and a negative predictive value of 0.70. Additionally, these analyses suggest that both age and time from stroke onset to treatment predict early dramatic improvement, as measured by Ն8-point improvement in NIHSS score or an NIHSS score of 0 at 24 hours. Overall, the model performed only moderately well in predicting MNI, suggesting the possibility that other variables not captured in our model may also affect outcome. Time from onset to treatment was not predictive of MNI in the placebo group, suggesting that the association in the treatment group may be biologically based. Age was related to MNI in the placebo group, suggesting that age is an important predictor not unique to rtPA treatment. Our definition for MNI of Ն8-point improvement or NIHSS score of 0 at 24 hours was selected to reflect the type of dramatic early improvement that would be associated with arterial recanalization, as has been reported in angiographically controlled studies of both intravenous and intra-arterial thrombolytic therapy for stroke. 3, 15, 16 Despite a statistically significant difference in median 24-hour NIHSS scores in part I of the NINDS trial, a 4-point improvement in 24-hour NIHSS score was not a sensitive enough discriminator to differentiate between the rtPA treatment and placebo groups because it was too easily achieved. Using an 8-point difference between baseline and 24-hour NIHSS scores in the NINDS data set, however, allows adequate discrimination between the placebo and rtPA treatment groups without overlap of CIs (Pϭ0.007). 5 The higher rate of MNI found in the rtPA-treated group likely reflects the higher recanalization rates in this group compared with the placebo group, suggesting that MNI can be used as a surrogate for recanalization. Others have used Ն10-point improvement at the end of tPA infusion to define dramatic improvement in other studies 17, 18 ; however, using the Ն8-point cutoff yields a higher number of subjects for analysis. 5 Transcranial Doppler studies have also supported the association between early clinical improvement and early recanalization in patients with large-vessel occlusions treated with intravenous tPA. 18 -21 In the current analysis, the presence of MNI, suggesting successful recanalization, was found to be a marker for favorable 3-month outcome. The positive and negative predictive values achieved support a predictive relationship between MNI and favorable 3-month outcome, which is consistent with the previous suggestion that NIHSS scores after 2 hours from stroke onset correlate with 3-month outcome. 22 Additionally, a recent study demonstrated that early recanalization of the middle cerebral artery after thrombolysis, as demonstrated by transcranial Doppler, is associated with a favorable 3-month outcome. 17 One of the predictor variables, baseline NIHSS score, was confounded in both the placebo-and rtPA-treated group for mathematical reasons. The dependent variable in the logistic regression predictive model, MNI, was determined by a calculation that included baseline NIHSS score, thereby creating a definition of the dependent variable that involved an independent variable. Therefore, although baseline NIHSS score appeared to be predictive of favorable outcome in the placebo group and had a similar OR in the rtPA group, these findings are difficult to interpret.
As hypothesized, clinical factors identified at baseline were associated with MNI in the rtPA group, specifically age and time to treatment. Earlier time to treatment with thrombolysis has been shown to be associated with a greater chance of favorable 3-month outcome. 7 The association between time to treatment and MNI seems biologically plausible because earlier treatment should result in earlier recanalization and a greater salvage of tissue at risk of infarction. 3 As would be expected if the effect were related to recanalization, the association between time to treatment and MNI was unique to the rtPA-treated group.
Age was predictive of MNI in both the rtPA-and placebotreated groups. This relationship is likely a biological effect, as supported by previous findings that age is related to long-term outcome in patients with and without thrombolytic treatment. 6, 23 Glucose was found to be a predictor of MNI in the placebo group but not in the rtPA-treated group. Given the plausibility of this finding based on basic science research and previous clinical studies, this may represent a biological effect. 9,24 -26 It may be that glucose has a differential effect on reperfused and nonreperfused tissue. If this was the case, there may be an effect of glucose in the placebo group that is not evident in the rtPA group given the higher rates of presumed recanalization in the latter group.
There were significant differences in the factors that predicted 24-hour favorable outcome in this study and those known to predict 3-month favorable outcome. Many of the factors known to predict 3-month outcome did not predict 24-hour outcome in this analysis. In the final multivariable model of the NINDS trial, treatment with rtPA, diabetes, age-by-NIHSS score, admission MAP-by-age, and thrombus or hypodensity/mass effect on baseline CT scan were independently associated with 3-month favorable outcome in both rtPA-and placebo-treated patients. 23 Age and time from onset to treatment are therefore predictors of both MNI at 24 hours and 3-month favorable outcome in rtPA-treated patients.
This study has several limitations. The analysis was an exploratory post hoc analysis that was intended to be hypothesis generating. There were small numbers of subjects in each of the predictive variable subgroups, lowering the power to detect predictive relationships with MNI. Although we used 13 rather than 9 df, as would be suggested by the rule of 10 (which requires at least 10 least-frequent outcomes for each 1 df used in the model), 14 this minimal excess was considered permissible, given the exploratory nature of this analysis. The use of restricted cubic splines, allowing the possibility of nonlinear relationships, increased explanatory power somewhat but not enough to compensate for the extra degrees of freedom. Given the limited degrees of freedom available for use, only a limited number of prespecified variables could be used. Because the overall model worked only moderately well as a predictor of MNI, it is possible that important variables that would have added to the value of the model were not included. In a larger data set, more variables could have been explored.
Given the few extra degrees of freedom used, it is possible that our model was overfit. Traditional validation techniques could validate the model as a whole but would not specifically validate the relationship between particular variables and MNI. Because the purpose of this exploratory analysis was to identify baseline characteristics that may affect 24-hour outcome, not to develop a model to be used for future predictions, we did not validate the model as a whole. In an attempt to avoid finding spurious associations, CIs were estimated very conservatively with bootstrapping, limiting assumptions made about the underlying distribution of our data. Additionally, the original model was forecasted into the placebo group to see whether the predictors of MNI found were unique to the rtPA-treated group. Despite these methods to reduce the likelihood of finding spurious relationships, these data need to be validated in an outside data set of patients treated with intravenous thrombolytics within 3 hours of stroke onset.
To estimate the thrombolytic activity of a novel agent, consideration of risk adjustment, especially in small data sets, is important. This study suggests that it may be necessary to adjust for age and time from stroke onset to treatment. Although this study did not demonstrate other baseline characteristics that predicted MNI with statistical significance, further studies may demonstrate other baseline characteristics for which adjustments should be made when different populations of stroke patients treated with intravenous thrombolytics within a 3-hour window are compared.
